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LIGO Detects a Neutron Star Merger 

Detailed analyses of the 
gravitational-wave data, 
together with observations of 
electromagnetic emissions, 
are providing new insights into 
the astrophysics of compact 
binary systems and γ-ray 
bursts, dense matter under 
extreme conditions, the 
nature of gravitation, and 
independent 
tests of cosmology. 	
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11 Science Questions for  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How were the heavy  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to uranium made? 

Are there new states  
of matter at ultrahigh  

temperatures and  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LETTERS TO THE EDITOR

Lifetime of the Yukawa Particle

Recent investigations by various authors' have made it
very probable that the hard rays of the cosmic radiation
(mesotrons), now identified with the particle of Yukawa'
of mass p~200m (m=mass of the electron), are unstable
and will decay spontaneously into electrons and neutrinos.
The lifetime for a mesotron at rest has been estimated
from experience to be of the order 2-4&(10 ' sec.
Yukawa himself calculated the lifetime on the basis of

his ideas to be of the order 0.25&(10 ' sec., a result not
far from the observed value. However, the present author'
obtained on the same assumptions a much smaller value.
The importance of this question may justify a restatement
of the theoretical result and an explanation of this dif-
ference.
The final formulae for the lifetime obtained by both

authors is the same, apart from differences in notation.
It can be written in the form
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In this formula k, m, c have the usual meaning, and p, is the
rest mass of the mesotron. G is the constant of dimension
of a charge in the potential between nuclear particles
V(r) = (G'/r)e rw&l& following from Yukawa's theory. G'/kc
is of the order' 4 p, /3II (&=mass of the proton) but
probably somewhat larger than this quotient. The lifetime
r is therefore essentially proportional to p 4. Gz finally
is the constant in Fei:mi's theory of P-decay, normalized
to be a pure number. The form of interaction assumed for
the coupling between proton, neutron and the electron
neutrino field is

G~mc'(&/mc)'(4N*PPI ) (v.*Ps.)+c.c.
(f~, P~, p„, q, being the wave functions of neutron, proton,
neutrino and electron, respectively). This leads to the
probability for emission of an electron of energy e
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where ep is the maximum energy of the emitted electrons
and M a matrix element from the motion of the heavy
particles inside the nucleus.
The discrepancy in the calculated lifetimes comes from

the different values used for the constant G~. As discussed
by Bethe and Bacher' and by Nordheim and Yost, ' the
experimental value of Gz depends quite appreciably on the
group of elements which are taken for comparison, the
difference being due in all probability to the matrix ele-
ment M; which is smaller than unity for heavy elements
but can be expected to be unity for light positron emitters.
The value for Gz used by Yukawa (0.87)&10 " in our
units) corresponds to the heavy natural radioactive
elements, while the value deduced for the light positron
emitters' is GJ =5.5&&10 ". It seems beyond doubt that
this later value has to be taken for our purpose.
With the present most probable values G'/Ac =0.3;

p=200m; Gg=5.5)&10 ', we obtain from (1) v =1.6&(10 '
sec., i.e., a value about 10 ' times too small. A decrease in

the assumed value for p, to 150m would increase v only by a
factor of order 3.
In view of this definite discrepancy the question arises

whether any modifications of the theory could give a
better result. It'is to be noted firstly that the introduction
of the Konopinski-Uhlenbeck form of the P-decay theory
would only make matters worse as it would introduce
roughly another factor (m/p)'. A real improvement can
only be expected by a complete reformulation of the
theory. One possible suggestion would be to assume that
the disintegration of a free mesotron is in first order
approximation a forbidden transition, while in nuclei it is
made allowed by the influence of the other nuclear
particles.

L. W. NoRDHEIM
Duke University,
Durham, North Carolina,
February 14, 1939.

~ H. Euler and W. Heisenberg, Ergebn. d. Exakt. Naturwiss. (1938);
P. Blackett, Phys. Rev. 54, 973 (1938);P. Ehrenfest and A. Freon, J.d.
Phys. 9, 529 (1938);T. H. Johnson and M. A. Pomerantz, Phys. Rev.
55, 105 (1939).

2 H. Yukawa and others, I—IV, Proc. Phys. Math. Soc. Japan 17, 58
(1935); 19, 1084 (1937); 20, 319, 720 (1938).

o L.W. Nordheim and G. Nordheim, Phys. Rev. 54, 254 (1938).
4 R. Sachs and M. Goeppert-Mayer, Phys. Rev. 53, 991 (1938).
o H. Bethe and R. Bacher, Rev. Mod. Phys. 8, 82 (1936).
6 L. W. Nordheim and F. Yost, Phys. Rev. 51, 942 (1937). It has

to be noted that the formula for 7 o on p. 943 should be ro ~ = (Gg2/(2x)3)
)&(mc~/$). The value of Gg is then determined from the empirical value
vo &—10 4.

The Scattering of Cosmic Rays by the Stars of a Galaxy

The problem dealt with in this note may be formulated
in the following way: imagine a galaxy of N stars, each
carrying a magnetic dipole of moment p,„(n= 1, 2, . . .N)
and assume that the density, defined as the number of
stars per unit volume, varies according to any given law,
while the dipoles are oriented at random because of their
very weak coupling. Under this condition the resultant
field of the whole galaxy almost vanishes. Let there be an
isotropic distribution of charged cosmic particles entering.
the galaxy from outside. Our problem is to find the intensity
distribution in all directions around a point within the
galaxy. Its importance arises from the fact that if the dis-
tribution should prove to be anisotropic a means would
be available for determining whether cosmic rays come
from beyond the galaxy, independent of the galactic rota-
tion effect already considered by Compton and Getting. '
Suppose we consider a particle sent into an element of

volume d V of scattering matter in a direction given by the
vector R. Let the probability of emerging in the direction
R' be given by a scattering function f(R, R') per unit
solid angle. Conversely a particle entering in the direction
R' will have a probability f(R', R) of emerging in the
direction R. Let us assume that the scatterer (magnetic
field of the star) has the reciprocal property so that
f(R, R') =f(R', R). In our case this property is satisfie
provided the particle's sign is reversed at the same time
as its direction of motion. That is, the probability of elec-
tron's going by any route is equal to the probability of
positrons going by the reverse route, If it has the reciprocal
property for each element of volume it will also have it for
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any extended distribution of matter, that is, F(R, P; R', P')
= F(R', P'; R, P), where F(R, P; R', P') is the probability
that a particle going in the direction R at the point P will
emerge in the direction R' at the point P'. This is because
the probability of following any route is equal to the
probability of following the reverse route, through the
same elements of volume. Thus the probability of a certain
end result from a number of possible routes will equal the
probability of the reversal of the result occurring through
the reverse routes,
In our case the scatterer (star) is to a large extent non-

absorbing and noncapturing. The former is true except for
particles colliding with the star, which can only happen
when their energy is sufficiently great, and the latter is
true except for particles which follow asymptotic or
-periodic orbits in the magnetic field of any one of the X
stars. These orbits, however, almost certainly form a set
of zero measure in the manifold of all possible orbits, '
that is, they occur only exceptionally. Thus, while a dipole
magnetic field can imprison charged particles starting from
a point within it and can also keep them away if starting
from infinity, depending on their energy and angular
momentum, it can only exceptionally capture such par-
ticles starting from infinity. In our case, therefore, all
particles starting in a direction R at a point P, sufficiently
far from all neighboring stars, have only a small chance
of being either absorbed or captured in a periodic orbit (of
finite or infinite period), so that the great majority of them
will emerge at infinity. For almost all particles, therefore,
the probability of emerging at infinity must be unity, or

J,F(R, P; R', ~ )dR' = 1
almost always.
Now consider a beam of particles at infinity whose in-

tensity in a direction R' is I (R'). The intensity at P
observed in the direction R will be

I„(R)=f F(R', ~; R, P)I„(R')dR' (2).
Using (1) and assuming an isotropic distribution at infinity
such that 1„(R') is a constant (independent of R'), we find
that Eq. (2) becomes

Ip(R) =I J F(R, P; R', ~)dR'=I„(3)
by (1). Therefore the intensity in any direction at P is
the same and the distribution is isotropic at P if it is
isotropic at infinity.
From the remark made previously, it is clear that if the

distribution of positive and negative particles at infinity
is isotropic, it will also be isotropic at any point P, except
for small irregularities due to absorption by collision and
by capture into periodic orbits. We conclude that particle
scattering by magnetic fields of the stars is unable to
contribute anything to the solution of the problem whether
or not cosmic particles come from beyond our galaxy. The
considerations developed in this note clearly hold so long
as the scattering centers satisfy the conditions of being
nonabsorbing and noncapturing, irrespective of the law of
force which is responsible for the scattering. It.need hardly

be emphasized that they apply only to the case in which
there is no resultant magnetic field for the whole galaxy,
such as would exist if the dipoles were oriented along
preferential directions. In this case particles would either
be imprisoned if born within the galaxy, or kept out, if
coming from outside, depending on their energy and
angular momentum. The reciprocal property of paths
would then break down in general, but would still hold for
any allowed direction at any point within the galaxy.

M. S. VALLARTA
R. P. FEYNMAN

Massachusetts Institute of Technology,
Cambridge, Massachusetts,
February 15, 1939.

' A. H, Compton and I.A. .Getting, Phys. Rev. 47, 817 (1935).M. S,
Vallarta, C. Graef and S. Kusaka, Phys. Rev. 55, 1 (1939).

~ See the discussion by E. J. Schremp, Phys. Rev. 54, 153 (1938);and
forthcoming papers by O. Godart and by A. Banhs, Jr.

Nuclear Excitation of Indium by X-Rays

It has been shown recently'' that the stable nucleus
In"5, when excited by fast neutrons or protons, may be
left in a metastable excited state, designated by In"'*,
from which it decays, emitting negative electrons, with a
half-life time of 4.1 hours.
We have now observed that the same metastable state

can be excited when indium is irradiated by x-rays. The
x-rays were produced by bombarding a 2-mm thick lead
target with electrons from an electrostatic generator.
A thick indium foil, 1 inch in diameter, was placed directly
behind the lead target. After 30 minutes irradiation at an
electron energy of 1.73 Mev and a current of 10 ya, the
indium foil showed an initial activity, recorded on a
Geiger-Muller counter, of 45 counts per minute. The
activity. decayed with a period of approximately 4 hours.
The walls of the counter reduced the intensity of the
rather soft P-rays to about one-half. Until more is known
about the effective x-rays, no well-defined cross section
can be deduced from these data.
By varying the bombarding voltage it was established

that the eAect has a threshold at 1.35&0.1 Mev. This
result might be interpreted by assuming that In"5 has at
that energy an excited state which combines both with
the ground state and the metastable excited state.
In a note which has just become known to us Pontecorvo

and Lazar' also report the excitation of indium by x-rays.
In their experiments the x-rays were produced with an
impulse generator working at a peak voltage of 1850 kv.
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Neutron Stars: Some Historical Facts 

Chandrasekhar shows that massive stars 
will collapse (1931)

Chadwick discovers the neutron (1932) 
(… predicted earlier by Majorana but never published)

Baade-Zwicky introduce the concept of a 
neutron star (1933) 
(… Landau mentions dense stars that look like giant nuclei)

Oppenheimer-Volkoff use GR to compute 
the structure of neutron stars (1939) 
(… predict                       as maximum neutron star mass)

Jocelyn Bell discovers pulsars  (1967)
M? ' 0.7M�

Nobel awarded to Hewish and Ryle (1974) 
Awarded Special Breakthrough Prize (2018) 
donates prize money to help minority students



The Anatomy of a Neutron Star
Atmosphere (10 cm):  Shapes Thermal Radiation (L=4psR2T4)
Envelope (100 m):  Huge Temperature Gradient (108K 4106K)
Outer Crust (400 m):  Coulomb Crystal (Exotic neutron-rich nuclei)
Inner Crust (1 km):  Coulomb Frustration (“Nuclear Pasta”)
Outer Core (10 km):  Uniform Neutron-Rich Matter (n,p,e,µ)
Inner Core (?):  Exotic Matter (Hyperons, condensates, quark matter)



Neutron Stars: The Nuclear Physics Connection
Neutron stars are the remnants of massive stellar explosions (CCSN)

Bound by gravity — NOT by the strong force
Catalyst for the formation of exotic state of matter 
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc /c ~ 1/2)

Only Physics that the TOV equation is sensitive to: Equation of State 
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7/ 2 Msun transfers ownership to Nuclear Physics!
Predictions on stellar radii differ by several kilometers!

Neutron Stars as Nuclear Physics Gold Mines
Neutron Stars are the remnants of massive stellar explosions

Are bound by gravity NOT by the strong force
Satisfy the Tolman-Oppenheimer-Volkoff equation (vesc/c⇠1/2)

Only Physics sensitive to: Equation of state of neutron-rich matter
EOS must span about 11 orders of magnitude in baryon density

Increase from 0.7!2M� must be explained by Nuclear Physics!

common feature of models that include the appearance of ‘exotic’
hadronic matter such as hyperons4,5 or kaon condensates3 at densities
of a few times the nuclear saturation density (ns), for example models
GS1 and GM3 in Fig. 3. Almost all such EOSs are ruled out by our
results. Our mass measurement does not rule out condensed quark
matter as a component of the neutron star interior6,21, but it strongly
constrains quark matter model parameters12. For the range of allowed
EOS lines presented in Fig. 3, typical values for the physical parameters
of J1614-2230 are a central baryondensity of between 2ns and 5ns and a
radius of between 11 and 15 km, which is only 2–3 times the
Schwarzschild radius for a 1.97M[ star. It has been proposed that
the Tolman VII EOS-independent analytic solution of Einstein’s
equations marks an upper limit on the ultimate density of observable
cold matter22. If this argument is correct, it follows that our mass mea-
surement sets an upper limit on this maximum density of
(3.746 0.15)3 1015 g cm23, or ,10ns.
Evolutionary models resulting in companion masses.0.4M[ gen-

erally predict that the neutron star accretes only a few hundredths of a
solar mass of material, and result in a mildly recycled pulsar23, that is
one with a spin period.8ms. A few models resulting in orbital para-
meters similar to those of J1614-223023,24 predict that the neutron star
could accrete up to 0.2M[, which is still significantly less than the
>0.6M[ needed to bring a neutron star formed at 1.4M[ up to the
observed mass of J1614-2230. A possible explanation is that some
neutron stars are formed massive (,1.9M[). Alternatively, the trans-
fer of mass from the companion may be more efficient than current
models predict. This suggests that systems with shorter initial orbital
periods and lower companion masses—those that produce the vast
majority of the fully recycled millisecond pulsar population23—may
experience even greater amounts of mass transfer. In either case, our
mass measurement for J1614-2230 suggests that many other milli-
second pulsars may also have masses much greater than 1.4M[.
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12. Özel, F., Psaltis, D., Ransom, S., Demorest, P. & Alford, M. The massive pulsar PSR
J161422230: linking quantum chromodynamics, gamma-ray bursts, and
gravitational wave astronomy. Astrophys. J. (in the press).

13. Hobbs, G. B., Edwards, R. T. & Manchester, R. N. TEMPO2, a new pulsar-timing
package - I. An overview.Mon. Not. R. Astron. Soc. 369, 655–672 (2006).

14. Damour, T. & Deruelle, N. General relativistic celestial mechanics of binary
systems. II. The post-Newtonian timing formula. Ann. Inst. Henri Poincaré Phys.
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F. Özel and D. Psaltis for discussions. The National Radio Astronomy Observatory is a
facility of the USNational Science Foundation, operated under cooperative agreement
by Associated Universities, Inc.

Author Contributions All authors contributed to collecting data, discussed the results
and edited themanuscript. In addition, P.B.D. developed theMCMCcode, reduced and
analysed data, and wrote the manuscript. T.P. wrote the observing proposal and
created Fig. 3. J.W.T.H. originally discovered thepulsar.M.S.E.R. initiated the survey that
found the pulsar. S.M.R. initiated the high-precision timing proposal.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to P.B.D. (pdemores@nrao.edu).

0.0
7 8 9 10 11

Radius (km)
12 13 14 15

0.5

1.0

1.5

2.0

AP4

J1903+0327

J1909-3744

systemsDouble neutron sDouble neutron star sysy

J1614-2230

AP3

ENG

MPA1

GM3

GS1

PAL6

FSU
SQM3

SQM1

PAL1

MS0

MS2

MS1

2.5 GR

Causality

Rotation

P < ∞

M
a
ss

 (
M

(
)

Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exoticmatter; green, strange quarkmatter. The horizontal bands
show the observational constraint from our J1614-2230 mass measurement of
(1.976 0.04)M[, similar measurements for two other millisecond pulsars8,28

and the range of observed masses for double neutron star binaries2. Any EOS
line that does not intersect the J1614-2230 band is ruled out by this
measurement. In particular, most EOS curves involving exotic matter, such as
kaon condensates or hyperons, tend to predict maximum masses well below
2.0M[ and are therefore ruled out. Including the effect of neutron star rotation
increases themaximum possiblemass for each EOS. For a 3.15-ms spin period,
this is a=2% correction29 and does not significantly alter our conclusions. The
grey regions show parameter space that is ruled out by other theoretical or
observational constraints2. GR, general relativity; P, spin period.
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The EOS of T=0 asymmetric matter: a=(N-Z)/A; x=(r-r0)/3r0; 
r0  x0.15 fm-3 — saturation density 4 nuclear density

Symmetric nuclear matter saturates “well” understood:  

Density dependence of symmetry poorly constrained:  
J  x30 MeV — symmetry energy 4 masses of neutron-rich nuclei
Lx? — symmetry slope 4 neutron skin of 208Pb at JLab!
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The Equation of State of Neutron-Rich Matter



The Composition of the Outer Crust 
Enormous sensitivity to nuclear masses

System unstable to cluster formation
BCC lattice of neutron-rich nuclei imbedded in e-gas

Composition emerges from relatively simple dynamics
Competition between electronic and symmetry energy

Precision mass measurements of exotic nuclei is essential
For neutron-star crusts and r-process nucleosynthesis

E/Atot = M(N,Z)/A+
3

4
Y 4/3
e kF + lattice
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The Intriguing Inner Crust
Top Layers: Coulomb Crystal of n-rich nuclei immersed in e- gas 

… and a superfluid neutron vapor critical for glitches

Bottom Layers: Coulomb frustration               “Nuclear Pasta”

Emergent from a dynamical (or geometrical) competition
Impossible to simultaneously minimize all elementary interactions
Emergence of a multitude of topologically distinct (quasi) ground states
Universal in complex systems (low-D magnets, correlated e-, …)

Tidal Polarizability extremely sensitive to the crustal dynamics!
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PREX is a fascinating experiment that uses parity
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The Quest for L at JLAB: Rskin as a proxy for L

v090
M
Sk7

HFB-8
SkP

HFB-17
SkM

*
DD-M

E2
DD-M

E1
FSUGold
DD-PC1
Ska

PK1.s24
Sk-Rs

NL3.s25
Sk-T4
G2

NL-SV2
PK1
NL3

NL3*
NL2

NL1

0 50 100 150
 L(MeV)

0.1

0.2

0.3

R
sk

in
20

8
(fm

)

Linear Fit, r = 0.979
Mean Field

D1S

D1N
SGII

Sk-T6
SkX SLy5

SLy4

M
SkA

M
SL0

SIV
SkSM

*
SkM

P

SkI2SV

G1

TM
1

NL-SH
NL-RA1

PC-F1

BCP

RHF-PKO3
Sk-Gs
RHF-PKA1

PC-PK1

SkI5

PR
EX
-II

S-
PR
EX

(63±16)
Roca-Maza et al.

PRL106,252501(2011)

0 2 4 6 8 10
r (fm)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

ρ(
fm

-3
)

Experiment
Rskin=0.176 fm
Rskin=0.207 fm
Rskin=0.235 fm
Rskin=0.260 fm
Rskin=0.286 fm

-ρweak

ρcharge

208Pb
PREX@JLAB: First electroweak (clean!) 
evidence in favor of Rskin in Pb 
Precision hindered by radiation issues

Excellent control of systematic uncertainties
Statistical uncertainties 3 times larger than  
promised: Rskin=0.33(16)fm

PREX-II and CREX to run in 2019
Original goal of 1% in neutron radius

Neutron Radii via PV Electron Scattering Donnelly, Dubach, Sick, NPA 503, 589 (1989)

Charge (proton) densities known with enormous precision
Charge density probed via parity-conserving eA scattering

Weak-charge (neutron) densities poorly known
Large and uncontrolled hadronic uncertainties
Weak-charge density probed via parity-violating eA scattering
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The Future: PREX-II, CREX, and MREX

0.0 0.5 1.0 1.5 2.0
q(fm-1)

-0.01

0

0.01

0.02

0.03

0.04

0.05

F W
sk
in
(q
)=
F c
h(
q)
-F
W
(q
)

0.12fm
0.16
0.20
0.22
0.28
0.32
Spin-orbit

PREX

0.0 0.5 1.0 1.5 2.0 2.5 3.0
q(fm-1)

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

F W
sk
in
(q
)=
F c
h(
q)
-F
W
(q
)

0.15fm
0.17
0.20
0.24
0.25
DOM
NNLOsat
Spin-orbit

CREX

The weak-skin form factor 
A model-independent observable 
FWskin ⌘ Fch�Fwk ⇡ q2

6

�
R2

wk �R2
ch

�
+. . .

<latexit sha1_base64="dYOWY6lMhpBTXJbEskN2AtAC3cI="></latexit>

Spin-orbit currents 
Vanish for fully occupied  

spin-orbit partners 
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PREX obtained 
PREX-II will improve error by a factor of 3 and determine L (pressure of PNM)
MREX@Mainz will improve error by an additional factor of 2!
CREX will provide bridge between ab-initio approaches (which can’t predict the 
properties of 208Pb) and nuclear DFTs (which can!)  
PREX-II and CREX to run in 2019 will provide fundamental anchors for future 
measurements of exotic nuclei at FRIB

Rn �Rp = 0.33+0.16
�0.18 fm
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Heaven and Earth … and “L”  
The enormous reach of the neutron skin

Neutron-star radii are sensitive to the EOS near 2r0
Neutron star masses sensitive to EOS at much higher density 

Neutron skin correlated to a host of neutron-star properties
Stellar radii, proton fraction, enhanced cooling, moment of inertia

Neutron skin of heavy nuclei and NS radii driven by same physics  
Difference in length scales of 18 orders of magnitude!!
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FIG. 4. (Color online) (a) Binding energy per nucleon of sym-
metric nuclear matter and (b) symmetry energy as a function of
density in units of nuclear-matter saturation density ρ0 = 0.148 fm−3.
Predictions are included from the three models discussed in the
text: NL3 [8], FSUGold [10], and FSUGold2 supplemented with
theoretical errors.

EOS of SNM (left panel) and the symmetry energy (right
panel) are displayed for the three RMF models considered
in this work. Owing to the inclusion of GMR energies into
the calibration of FSUGold2, the incompressibility coefficient
was fairly accurately determined (see Table IV) and this, in
turn, generates small theoretical errors on the EOS up to 2–3
times saturation density. The larger theoretical uncertainty
with increasing density is a reflection of the inability of
ground-state properties and GMR energies to constrain the
high-density behavior of the EOS. In principle, the inclusion
of a maximum neutron-star mass Mmax into the fit should have
served to constrain the EOS at high density. However, given
that the symmetry energy is stiff (see right-hand panel), one
can satisfy the Mmax constraint without imposing stringent
limits on the EOS of SNM at high densities. However, the
situation is radically different in the case of the symmetry
energy, as the model has lost its predicability at densities
only slightly above saturation density. Although we expect to
mitigate this situation once strong isovector observables, such
as neutron skins and stellar radii, are incorporated into the
calibration of the density functional, our results underscore
the importance of including theoretical uncertainties. Whereas
the symmetry energy predicted by FSUGold2 is stiff at
saturation density, it is consistent at the 1σ level with a
symmetry energy almost as soft as FSUGold and as stiff as
(or even stiffer than) NL3 at high densities. The impact of a
stiff symmetry energy on the neutron-skin thickness of all the
nuclei used in the calibration procedure is displayed in Table V.
These results help to reinforce the recent claim that, at present,
there is no compelling reason to rule out models with large
neutron skins [89]. We close this part of the discussion with
a brief comment on the EOS of PNM. Given that the EOS of
PNM may be approximated as that of SNM plus the symmetry
energy, the EOS of PNM at low densities for FSUGold2
strongly resembles the one for NL3. Although PNM is not
experimentally accessible, there are important theoretical
constraints that have emerged from the universal behavior of
dilute Fermi gases in the unitary limit [33]. As mentioned

TABLE V. Predictions for the neutron skins, Rskin ≡ Rn − Rp (in
fm), of all the nuclei included in the calibration procedure for NL3
[8], FSUGold [10], and FSUGold2 supplemented with theoretical
error bars.

Nucleus NL3 FSU FSU2

16O −0.028 −0.029 −0.028 ± 0.005
40Ca −0.049 −0.051 −0.050 ± 0.004
48Ca 0.226 0.197 0.232 ± 0.008
68Ni 0.261 0.211 0.268 ± 0.010
90Zr 0.114 0.088 0.117 ± 0.008
100Sn −0.076 −0.080 −0.077 ± 0.008
116Sn 0.167 0.122 0.172 ± 0.011
132Sn 0.346 0.271 0.354 ± 0.019
144Sm 0.145 0.103 0.149 ± 0.011
208Pb 0.278 0.207 0.287 ± 0.020

earlier, without additional isovector constraints the symmetry
energy predicted by RMF models tends to be fairly stiff. There-
fore, whereas FSUGold is consistent with most theoretical
constraints [33–35,90], both FSUGold2 and NL3 are not.

So far, we have discussed the results from the optimization
and the theoretical errors associated with a large number
of physical quantities. We now turn the discussion to the
important topic of correlations based on Eqs. (14) and (15).
We start in Fig. 5 by displaying correlation coefficients in
graphical form for various physical quantities. From these,
only GMR energies and the maximum neutron-star mass
were included in the calibration procedure. As anticipated,
we find a strong correlation of the GMR energies to
the nuclear incompressibility coefficient K , verifying the

FIG. 5. Correlation coefficients (in absolute value) depicted in
graphical form for a representative set of observables. The set includes
four GMR energies (for 90Zr, 116Sn, 144Sm, and 208Pb), two neutron
radii (for 48Ca and 208Pb), several bulk properties of nuclear matter
(ε0 , ρ0 , M∗, K , J , and L), and two neutron-star observables (the
maximum mass Mmax and the radius of a 1.4M⊙ neutron star R1.4).

044305-11



"We have detected gravitational waves; 
we did it!” 

David Reitze, February 11, 2016

The dawn of a new era: GW Astronomy 
Initial black hole masses are 36 and 29 solar masses
Final black hole mass is 62 solar masses;  
3 solar masses radiated in Gravitational Waves!  

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Historical first detection 
of gravitational waves 
from a binary neutron-

star merger

GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On August 17, 2017 at 12∶41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 × 104 years. We infer the component masses of the binary to be between 0.86 and 2.26 M⊙, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17–1.60 M⊙, with the total mass of
the system 2.74þ0.04

−0.01M⊙. The source was localized within a sky region of 28 deg2 (90% probability) and
had a luminosity distance of 40þ8

−14 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the γ-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short γ-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevLett.119.161101

I. INTRODUCTION

On August 17, 2017, the LIGO-Virgo detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary
neutron star (BNS) merger. This discovery comes four
decades after Hulse and Taylor discovered the first neutron
star binary, PSR B1913+16 [1]. Observations of PSR
B1913+16 found that its orbit was losing energy due to
the emission of gravitational waves, providing the first
indirect evidence of their existence [2]. As the orbit of a
BNS system shrinks, the gravitational-wave luminosity
increases, accelerating the inspiral. This process has long
been predicted to produce a gravitational-wave signal
observable by ground-based detectors [3–6] in the final
minutes before the stars collide [7].
Since the Hulse-Taylor discovery, radio pulsar surveys

have found several more BNS systems in our galaxy [8].
Understanding the orbital dynamics of these systems
inspired detailed theoretical predictions for gravitational-
wave signals from compact binaries [9–13]. Models of the
population of compact binaries, informed by the known
binary pulsars, predicted that the network of advanced
gravitational-wave detectors operating at design sensitivity

will observe between one BNS merger every few years to
hundreds per year [14–21]. This detector network currently
includes three Fabry-Perot-Michelson interferometers that
measure spacetime strain induced by passing gravitational
waves as a varying phase difference between laser light
propagating in perpendicular arms: the two Advanced
LIGO detectors (Hanford, WA and Livingston, LA) [22]
and the Advanced Virgo detector (Cascina, Italy) [23].
Advanced LIGO’s first observing run (O1), from

September 12, 2015, to January 19, 2016, obtained
49 days of simultaneous observation time in two detectors.
While two confirmed binary black hole (BBH) mergers
were discovered [24–26], no detections or significant
candidates had component masses lower than 5M⊙, placing
a 90% credible upper limit of 12 600 Gpc−3 yr−1 on the rate
of BNS mergers [27] (credible intervals throughout this
Letter contain 90% of the posterior probability unless noted
otherwise). This measurement did not impinge on the range
of astrophysical predictions, which allow rates as high as
∼10 000 Gpc−3 yr−1 [19].
The second observing run (O2) of Advanced LIGO, from

November 30, 2016 to August 25, 2017, collected 117 days
of simultaneous LIGO-detector observing time. Advanced
Virgo joined the O2 run on August 1, 2017. At the time of
this publication, two BBH detections have been announced
[28,29] from the O2 run, and analysis is still in progress.
Toward the end of the O2 run a BNS signal, GW170817,

was identified by matched filtering [7,30–33] the data
against post-Newtonian waveform models [34–37]. This
gravitational-wave signal is the loudest yet observed, with a
combined signal-to-noise ratio (SNR) of 32.4 [38]. After

*Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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GW170817: A play in three acts 
Act 1: Ligo-Virgo detect GW from BNS merger

Source properties inferred from “matched filtering”
Extraction of “chirp” mass and “tidal polarizability”

       Stringent limits on the EOS of dense matter

Act 2: Fermi/Integral detect short g-ray burst
detected ~2 seconds after GW signal 
Confirms long-held belief of the association between  
BNS merger and g-ray bursts   

Act 3: ~70 telescopes tracked the “kilonova”
Afterglow of the explosive merger ~11 hours later
Powered by the radioactive decay of “r-process” elements 
BNS mergers as a critical site for the r-process!

Neutron-star mergers 
create gravitational 

waves, light, and gold!



The New Periodic Table of the Elements

(see the Introduction by Smith). Coulter et al. describe how the One-Meter Two-Hemispheres
(1M2H) collaboration was the Vrst to locate the electromagnetic source. Drout et al. present
the 1M2H measurements of its optical and infrared brightness, and Shappee et al. report
their spectroscopy of the event, which is unlike previously detected astronomical transient
sources. Kilpatrick et al. show how these observations can be explained by an explosion
known as a kilonova, which produces large quantities of heavy elements in nuclear reactions.

Science, this issue p. 1556, p. 1570, p. 1574, p. 1583; see also p. 1554

Abstract
On 17 August 2017, gravitational waves (GWs) were detected from a binary neutron star
merger, GW170817, along with a coincident short gamma-ray burst, GRB 170817A. An optical
transient source, Swope Supernova Survey 17a (SSS17a), was subsequently identiVed as the
counterpart of this event. We present ultraviolet, optical, and infrared light curves of SSS17a
extending from 10.9 hours to 18 days postmerger. We constrain the radioactively powered
transient resulting from the ejection of neutron-rich material. The fast rise of the light curves,
subsequent decay, and rapid color evolution are consistent with multiple ejecta components
of differing lanthanide abundance. The late-time light curve indicates that SSS17a produced
at least ~0.05 solar masses of heavy elements, demonstrating that neutron star mergers play
a role in rapid neutron capture (r-process) nucleosynthesis in the universe.

http://www.sciencemag.org/about/science-licenses-journal-article-reuse
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Nuclear Theory meets Machine Learning
Masses of relevance to the r-process
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PHYSICAL REVIEW C 92, 035807 (2015)

Impact of individual nuclear masses on r-process abundances

M. R. Mumpower,1,* R. Surman,1 D.-L. Fang,2 M. Beard,1 P. Möller,3 T. Kawano,3 and A. Aprahamian1

1Department of Physics and Joint Institute for Nuclear Astrophysics, University of Notre Dame, Notre Dame, Indiana 46556, USA
2Department of Physics, Michigan State University, East Lansing, Michigan 48824, USA

3Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 28 May 2015; revised manuscript received 29 July 2015; published 15 September 2015)

We have performed for the first time a comprehensive study of the sensitivity of r-process nucleosynthesis to
individual nuclear masses across the chart of nuclides. Using the latest version (2012) of the Finite-Range Droplet
Model, we consider mass variations of ±0.5 MeV and propagate each mass change to all affected quantities,
including Q values, reaction rates, and branching ratios. We find such mass variations can result in up to an order
of magnitude local change in the final abundance pattern produced in an r-process simulation. We identify key
nuclei whose masses have a substantial impact on abundance predictions for hot, cold, and neutron star merger
r-process scenarios and could be measured at future radioactive beam facilities.
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I. INTRODUCTION

One of the most challenging open questions in all of physics
is the identification of the site or sites of rapid neutron capture,
or r-process, nucleosynthesis [1,2]. Production of the heaviest
r-process elements requires on the order of 100 neutron cap-
tures per seed nucleus; exactly where and how such rapid neu-
tron captures occur have yet to be definitively determined [3].

One attractive potential site is within the cold or mildly
heated tidal ejecta from neutron star or neutron-star–black-
hole mergers [4]. Current state-of-the-art simulations show a
vigorous r process with fission recycling in the merger ejecta
[5–8]. The resulting abundance pattern is relatively insensitive
to variations in the initial conditions, which naturally explains
the consistent 56 < Z < 82 pattern observed in the solar
system and r-process-enhanced halo stars [9,10]. Vigorous
production of radioactive r-process nuclei can also lead to
an observable electromagnetic transient accompanying the
merger event [11–13], an example of which may have already
been detected [14,15]. It is less clear whether mergers happen
often enough or early enough in galactic history to fit all of the
observational data [16–18]. The neutrino-driven wind within a
core-collapse supernova is perhaps the best-studied alternative
[19,20], though the combination of moderate neutron-richness,
high entropy, and fast outflow time scale required to make the
heaviest r-process elements does not appear to be achieved
in modern simulations [21–24]. Instead attention has shifted
to more exotic sites connected to the deaths of massive stars,
including neutron-rich jets [25], supernova neutrino-induced
nucleosynthesis in the helium shell [26], and collapsar outflows
[27,28].

In principle, the proposed environments have such distinct
astrophysical conditions that their abundance pattern predic-
tions should be clearly distinguishable. Currently simulations
lack this precision [29,30], in large part due to uncertainties in
the required nuclear data. Properties such as masses, neutron
capture rates, β-decay rates, and β-delayed neutron emission
probabilities are needed for thousands of neutron-rich nuclear
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species from the valley of stability to the neutron drip line.
Presently there is little experimental information available
for the vast majority of these quantities. Simulations must
instead rely on extrapolated or theoretical values, where
different approaches can produce markedly different (and often
divergent) predictions.

Nuclear masses are particularly important for the r process
as they enter into the calculations of all of the aforementioned
nuclear properties, which shape how each phase of the
r process proceeds. In a classic r process, an equilibrium is
established between neutron captures and photodissociations,
and nuclear masses directly determine the r-process path
through a Saha equation:

Y (Z,N + 1)
Y (Z,N )

∝ G(Z,N + 1)
2G(Z,N )

Nn

(kT )3/2
exp

[
Sn(Z,N + 1)

kT

]
,

(1)

where G(Z,N ) are the partition functions, Nn is the neu-
tron number density, kT is the temperature in MeV, and
Sn(Z,N + 1) is the neutron separation energy, the differ-
ence in binding energy between the nuclei (Z,N + 1) and
(Z,N ). Each isotopic chain is connected to its neighbors by
β decay, and thus the β-decay lifetimes of nuclei along the
r-process path set their relative abundances. Modern nuclear
network calculations show that this equilibrium picture is an
excellent approximation for early-time r-process evolution
in many astrophysical scenarios. Eventually (n,γ ) ! (γ ,n)
equilibrium fails, or in some scenarios is not established at all,
and then neutron capture, photodissociation, and β decay all
compete to shape the final abundance pattern.

The roles of these individual pieces of data in r-process
nuclear network simulations have been examined via sensitiv-
ity studies. In these studies, baseline astrophysical conditions
are chosen, a single nuclear property is varied, and the
simulation is rerun with the nuclear data change and compared
to the baseline. Sensitivity studies highlight the pieces of data
with the most leverage on the final abundance pattern and
elucidate the mechanisms of influence. They have so far been
performed for neutron capture rates [31–34], β-decay rates
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low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional tok2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] has the most extreme
spin, less than ∼0.04 after spin-down is extrapolated to
merger. If we restrict the spin magnitude in our analysis to
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01 # 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].
Since the energy emitted in gravitational waves depends

critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M⊙) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent with
the masses of all known binary neutron star systems.
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Electric Polarizability:
Electric field induced a polarization of charge
A time dependent electric dipole emits  
electromagnetic waves: 

        
Tidal Polarizability:

Tidal field induces a polarization of mass
A time dependent mass quadrupole emits  
gravitational waves:  Qij = ⇤Eij

The tidal polarizability 
measures the  “fluffiness”  

(or stiffness) 
of a neutron star against  

deformation 
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Neutron skins and neutron stars 
in the multi-messenger era 

LIGO

Exciting possibility: If PREX confirms that Rskin is 
large and LIGO-Virgo that NS-radius is small, this 

may be evidence of a softening of the EOS at 
high densities (phase transition?)

The very first observation of a BNS 
merger already provides 

a treasure trove of insights into the 
nature of dense matter!
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Neutron Skins and Neutron Stars in the Multimessenger Era
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The historical first detection of a binary neutron star merger by the LIGO-Virgo Collaboration
[B. P. Abbott et al., Phys. Rev. Lett. 119 , 161101 (2017)] is providing fundamental new insights into the
astrophysical site for the r process and on the nature of dense matter. A set of realistic models of the
equation of state (EOS) that yield an accurate description of the properties of finite nuclei, support neutron
stars of two solar masses, and provide a Lorentz covariant extrapolation to dense matter are used to confront
its predictions against tidal polarizabilities extracted from the gravitational-wave data. Given the sensitivity
of the gravitational-wave signal to the underlying EOS, limits on the tidal polarizability inferred from the
observation translate into constraints on the neutron-star radius. Based on these constraints, models that
predict a stiff symmetry energy, and thus large stellar radii, can be ruled out. Indeed, we deduce an upper
limit on the radius of a 1.4M⊙ neutron star of R1.4⋆ < 13.76 km. Given the sensitivity of the neutron-skin
thickness of 208Pb to the symmetry energy, albeit at a lower density, we infer a corresponding upper limit of
about R208

skin ≲ 0.25 fm. However, if the upcoming PREX-II experiment measures a significantly thicker
skin, this may be evidence of a softening of the symmetry energy at high densities—likely indicative of a
phase transition in the interior of neutron stars.

DOI: 10.1103/PhysRevLett.120.172702

What are the new states of matter at exceedingly high
density and temperature? and How were the elements from
iron to uranium made? are two of the “eleven science
questions for the next century” identified by the National
Academies Committee on the Physics of the Universe [1].
In framing these questions, the committee recognized the
deep connections between the very small and the very
large. In one clean sweep, the historical first detection of a
binary neutron star (BNS) merger by the LIGO-Virgo
Collaboration [2] has started to answer these fundamental
questions by providing critical insights into the nature of
dense matter and on the synthesis of the heavy elements.
Gravitational waves (GWs) from the BNS merger

GW170817 emitted from a distance of about 40 Mpc were
detected by the LIGO gravitational-wave observatory [2].
About two seconds later, the Fermi Gamma-ray Space
Telescope (Fermi) [3] and the International Gamma-Ray
Astrophysics Laboratory (INTEGRAL) [4] identified a
short duration γ-ray burst associated with the BNS merger.
Within eleven hours of the GW detection, ground- and
space-based telescopes operating at a variety of wave-
lengths identified the associated kilonova—the electromag-
netic transient powered by the radioactive decay of the
heavy elements synthesized in the rapid neutron-capture
process (r process). Characteristics of the light curve, such
as its fast rise, decay, and rapid color evolution, are
consistent with the large opacity typical of the lanthanides
(atomic number 57–71) and have revealed that about 0.05
solar masses (or about 104 earth masses) of r-process

elements were synthesized in this single event [5–9]. The
gravitational wave detection from the BNSmerger, together
with its associated electromagnetic counterparts, open
the new era of multimessenger astronomy and provide
compelling evidence in favor of the long-held belief that
neutron-star mergers play a critical role in the production of
heavy elements in the cosmos.
Besides the identification of the BNS merger as a

dominant site for the r process, such an unprecedented
event imposes significant constraints on the EOS of dense
matter. In particular, the tidal polarizability (or deform-
ability) is an intrinsic neutron-star property highly sensitive
to the compactness parameter (defined as GM=c2R)
[10–15] that describes the tendency of a neutron star to
develop a mass quadrupole as a response to the tidal field
induced by its companion [16,17]. The dimensionless tidal
polarizability Λ is defined as follows:

Λ ¼ 2

3
k2

!
c2R
GM

"
5

¼ 64

3
k2

!
R
Rs

"
5

; ð1Þ

where k2 is the second Love number [18,19], M and R are
the neutron star mass and radius, respectively, and Rs ≡
2GM=c2 is the Schwarzschild radius. A great virtue of
the tidal polarizability is its high sensitivity to the stellar
radius (Λ∼R5) a quantity that has been notoriously
difficult to constrain [20–30]. Pictorially, a “fluffy” neutron
star having a large radius is much easier to polarize than the
corresponding compact star with the same mass but a
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Conclusions: It is all Connected 
Astrophysics:  What is the minimum mass of a black hole?
C.Matter Physics: Existence of Coulomb-Frustrated Nuclear Pasta?
General Relativity:  Can BNS mergers constrain stellar radii?
Nuclear Physics:  What is the EOS of neutron-rich matter?
Particle Physics:  What exotic phases inhabit the dense core?
Machine Learning: Extrapolation to where no man has gone before?

Neutron Stars are the natural meeting place for  
interdisciplinary, fundamental, and fascinating physics! 
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